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Abstract
Whole genome duplication, or polyploidy, is a common process in plants by which
failures in meiosis or fertilization result in offspring with twice the number of chromosomes.
This doubles the number of copies of every gene, an effect thought to generate new ‘raw
material’ upon which natural selection can act. Few studies exist examining the consequences of
polyploidy for plant physiological traits. Doubling the number of gene copies may have
unknown effects on leaf structure and function. In this study, I compare diploid, tetraploid, and
hexaploid species within the genus Helianthus (wild sunflowers). Forty different accessions of
wild sunflowers were grown under standardized greenhouse conditions and phenotyped for both
leaf functional traits and leaf hyperspectral reflectance. Interestingly, I find that whole genome
duplication can have effects on leaf functional traits relevant to both size and ecophysiology, and
thus that polyploidy may lead to functional trait differentiation between polyploids and their
diploid progenitors.
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Introduction
Whole genome duplication, or polyploidy, is uncommon in animals but a major
phenomenon in plants. Polyploidy is a recurring process that is thought to strongly influence the
evolution of plants, especially the speciation and divergence of angiosperms (Dhawan and
Lavania, 2004). Most empirical studies on polyploidy to date have been done in angiosperm
systems, and this is because many polyploidy events have taken place within angiosperms since
the Cretaceous period (Wendel, 2000). To investigate the role of polyploidy in functional trait
evolution, this study uses wild sunflowers (Helianthus) to examine differences between diploid
and polyploid species. Wild sunflowers are especially conducive to addressing this question
given that multiple polyploidy events that have occurred within the perennial lineages of this
genus (Bock et al., 2014; Timme, 2007).

Polyploidy and Plant Evolution
There have been a number of recent advances in plant genomics that have revealed a
complex history of polyploidy throughout plant evolution, with dozens to hundreds of
independent events occurring in angiosperms alone (Barker et al., 2016). There are two main
types of polyploidization events, allopolyploidy and autopolyploidy, which are named for the
mechanism of origin. Autopolyploids are formed by the doubling of a single genome, usually
caused by a failure in meiosis that generates unreduced gametes with greater than haploid ploidy
(e.g. diploid eggs and sperm). These unreduced gametes then fuse to form polyploid offspring
during either self-fertilization or mating with another member of the same species. These
1

polyploid offspring have more than two full sets of chromosomes, typically four sets (tetraploids)
or six sets (hexaploids). Because the increased number of chromosomes all derive from the same
species’ genome, this essentially a dosage effect where the number of chromosomes directly
scales with the number of copies of each gene present. Allopolyploids are formed by the merger
of two different genomes, usually through the hybridization of two species, where unreduced
gametes permit fertilization that would typically not be possible, yielding offspring with a full set
of diploid chromosomes from each parent species. This process results in hybrid offspring with
both a higher number of gene copies, as well as the potential for interactions between the two
parent genomes. The incidence of polyploidy among plant species has historically been
estimated at 30-35%, though more recent phylogenetically-informed work suggests that upwards
of 70% of angiosperms are derived from a polyploidy origin (Sattler et al., 2016). Recurrent
cycles of polyploidy and subsequent diploidization are thought to have given rise to much of the
genetic ‘raw material’ from which much of plant genetic and phenotypic diversity is derived.
The duplication of a genome, or the combination of two genomes, results in complex
consequences at the genetic level. It often includes rearrangement, exchanges between parent
genomes, and gene loss, all of which can affect gene expression (Adams and Wendel, 2005).
After a polyploidy event, it is typical to observe differential loss, where some of the duplicated
genetic material is removed. This can lead to strong genetic divergence among lineages derived
from an initial polyploidy event, and concomitant functional diversification. It is believed that
genes which are not removed often acquire new functions through the accumulation of
mutations, a process known as neofunctionalization (Gaynor et al., 2020). Similarly, loss of
different portions of coding sequences in two gene copies can result in genes with partial
2

complementary functions, a process known as subfunctionalization. These processes can
manifest in innumerable evolutionarily significant ways, including greater biochemical and
physiological flexibility which may advance adaptability (Wendel, 2000). Previous research has
suggested that many different kinds of plant traits may be affected, including secondary
metabolism (Gaynor et al., 2020), photosynthesis (Roddy et al., 2020), and the size of plant
organs (Porturas et al., 2019).

Polyploidy and Hyperspectral Reflectance
Hyperspectral reflectance spectroscopy has origins in remote sensing and later became a
powerful analytical tool for the non-destructive analysis of food products (Gowen, 2007). More
recently, hyperspectral reflectance has been applied to the analysis of plant foliage with
applications as diverse as the prediction of leaf nutrient content and photosynthetic physiology
(Serbin et al. 2014; Yendrek et al., 2017; Silva-Perez et al., 2018; Fu et al. 2019) and even
species identification for biodiversity applications (Cavender-Bares et al., 2016). The utility of
leaf spectral signatures for categorical and quantitative prediction is based on the interaction
between leaf pigments, structures, and compounds and energy in the ultraviolet (100-400 nm),
visible (400-700 nm), near infrared (700-1300 nm), and shortwave infrared (1300-2500nm)
portions of the electromagnetic spectrum (Oliviera et al., 2020). Leaf spectra therefore contain a
large amount of information that integrates multiple aspects of plant morphology, physiology,
and chemistry. Given that polyploidy is predicted to have the potential to alter many such traits,
leaf spectra may contain information that both categorically predicts ploidy level and
quantitatively predicts trait changes.
3

Evolutionary History of Helianthus
Helianthus comes from the Greek ‘hēlios’ meaning sun and ‘anthos’ meaning flower.
The genus is quite young on a geologic timescale, diverging from their closest living relatives
only 3-8 Ma (Mason et al., 2018). However, within the genus there is a wide diversity of life
history and growth form, including erect and creeping annuals as well as erect and basal rosette
perennials with and without creeping rhizomes, and a wide array of leaf and floral morphologies
and plant architectures (Heiser et al., 1969; Mason and Donovan, 2015; Mason et al. 2017a;
Mason et al. 2017b). Helianthus grows across a range of climate and soil conditions, including
forests, grasslands, deserts, wetlands, and many other habitats (Heiser et al., 1969). Cultivated
sunflower (Helianthus annuus) is also a member of this genus and was domesticated in eastern
North America at least 3000 years before present based on genetic and archaeological evidence
(Smith, 2014).
Reconstruction of phylogenetic relationships within the genus Helianthus indicate that
there have been at least six independent polyploidization events within the genus, resulting in
swarms of approximately 14 tetraploid and hexaploid species (Timme et al. 2007; Bock et al.
2014). This diversity of diploid, tetraploid, and hexaploid species makes this system highly
conducive to studies of the consequences of whole genome duplication on plant functional traits
and leaf spectra. In this study, we compare diverse species varying in ploidy level to examine the
consequences of polyploidization for plant functional traits and spectral signatures.
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Methods
Plant Germplasm and Growth
For this study, a common garden approach was employed, with diverse species grown
under uniform high resource conditions. Such an approach minimizes environmentally-induced
trait variation (Mason and Donovan, 2015). Seed accessions of forty-eight species of wild
Helianthus were obtained from the USDA National Plant Germplasm System (Table 1). These
species represent almost all of the members of the genus, and all three ploidy levels known in the
genus. Ploidy levels for accessions of non-diploid species were determined by cross-referencing
accessions against flow cytometry data in recent studies (Bock et al., 2014; Qiu et al. 2019).
Multiple accessions were included for two species with reported variable ploidy (H. decapetalus
and H. divaricatus) capture variation in ploidy within species as well as among species.
In the spring of 2018, seeds were scarified and germinated on filter paper in petri dishes.
Once root hairs were present, seedlings were placed into seedling trays filled with sand as the
medium under growth lights with a 12-hour photoperiod. Each tray was initially supplemented
with half a teaspoon of fertilizer (Osmocote Plus 15-9-12; Scotts, Marysville, OH, USA). Once
true leaves were present, five of the healthiest seedlings were moved to the greenhouse and
transplanted into ten-inch diameter azalea pots filled with a homogenous mixture of 70% sand
and 30% percent potting soil (Figure 1). Pots were randomized spatially within the greenhouse to
minimize spatial effects on traits. Twenty grams of pelleted slow-release fertilizer (Osmocote
Plus 15-9-12; Scotts, Marysville, OH, USA) was added to each pot to ensure high nutrient
availability. Plants were hand watered to field capacity daily until well-established, at which
5

point an automatic watering system ensured daily watering to field capacity. For pest control,
plants were regularly treated with a combination of imidicloprid (Bayer Advance 3-in-1 Insect,
Disease, and Mite Control, Cary, NC) and acephate (Bonide®, Oriskany, NY). All replicates of
eight accessions did not survive to flowering, as well as scattered individual replicate plants of
other accessions, all of which were excluded from sampling for a total of 135 individuals and 3.3
replicate individuals per accession at final sampling.

Leaf Sampling and Functional Traits
Given the large variation in growth rate among Helianthus species, leaf sampling was
standardized by ontogenetic stage to ensure a fair comparison (Mason and Donovan, 2015;
Mason et al., 2016), with the period of first flowering chosen for sampling. Once each plant had
open flowers, the most recently fully expanded leaf (MRFEL) pair was selected for sampling.
Before being removed from the plant, the MRFEL pair was assessed for chlorophyll content
using a chlorophyll meter (atLeaf CHL PLUS, FT Green LLC, Wilmington, DE). Three
measurements were taken per leaf on the base, center, and tip and averaged. The two leaves were
then removed from the plant using sharp shears where the petiole meets the stem. The MRFEL
pair was stored in a sealed plastic bag and kept in a cooler on ice and transported to the
laboratory. One leaf was frozen and kept at -80℃ for subsequent analytical chemistry analysis of
secondary metabolism beyond the scope of the present study. The second leaf was weighed
fresh, with the length and width of the leaf (major and minor axis) assessed with calipers. The
leaf was then scanned with a flatbed scanner, and leaf images were used to obtain leaf area,
perimeter, and circularity using ImageJ v. 1.53c (Schneider et al., 2012). Leaves were then
6

processed to obtain hyperspectral reflectance (described in the next section), and placed in a
labeled paper bag and dried in a 60℃ forced–air drying oven for 48 hours until constant mass.
Dried leaves were weighed to obtain leaf dry mass. Leaf dry matter content (LDMC) was
calculated as the ratio of leaf dry mass to leaf fresh mass. Leaf water content was calculated as
the mass of water in the leaf divided by the leaf dry mass. Leaf mass per area (LMA) was
calculated as the ratio of leaf dry mass to leaf area.

Leaf Hyperspectral Reflectance
Hyperspectral reflectance measurements were collected on one of the MRFEL pair leaves
using a dual Ocean Optics FLAME spectrometer (200-1000 nm) and NIRQuest12-2.5
spectrometer (900-2500 nm) with a DH-2000 halogen and deuterium UV-VIS-NIR light source
(200-2500nm) and mixed UV-VIS and VIS-NIR bifurcated optical fiber probe with Ocean View
interfacing software (Ocean Insight, Largo, FL). Each leaf was thoroughly patted dry with a
Kimwipe (Kimberly-Clark, Irving, TX). A fiber optic probe was used to record reflectance at six
points from the base of the leaf to the tip. In the data set The FLAME (180nm to 1030nm, in
0.5nm increments) measures the UV range and the NIRQuest measures the infrared range
(898nm to 2500nm, in 2nm increments). The range of the NIRQuest that overlaps with the
FLAME spectrometer was removed given the higher precision in the FLAME range, and any
wavelengths containing out-of-range values were removed before data analysis. In addition,
approximately 15% of individual point scans were removed after hand-curation for low data
quality.
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Results
Initial data analysis was performed in JMP Pro 12 (SAS Institute, Cary, NC) to examine
data distributions. Visualization of leaf functional trait data overall indicated that species were
typically highly variable within each ploidy level, and that most traits appeared to be nonnormally distributed. Visualization of leaf functional trait data within the two species containing
variable ploidy levels among accessions suggested that leaf size increased with increases in
genome size (Figure 2).
Formal statistical analysis for both leaf functional traits and leaf hyperspectral data was
performed using RStudio Version 3.6.1 (RStudio Team, 2020). For each leaf functional trait, a
histogram and QQ-plot was created separately for diploid, tetraploids, and hexaploids. In
conjunction with this, a Shapiro-Wilk test was used to determine if the trait was normally
distributed or not. All traits were not normally distributed, such that a nonparametric KruskalWallis test was used to determine whether there were differences in mean trait values among the
three ploidy levels (Table 2). Four traits were found to be significantly different among ploidy
levels – LDMC, leaf area, leaf circularity, and leaf chlorophyll content. Tetraploids and
hexaploids had higher LDMC, higher chlorophyll content, and higher circularity relative to
diploids. Leaf area, however, was higher in diploids relative to hexaploids and tetraploids.
In addition, given that there are far more diploids than tetraploids and hexaploids, and
because the many polyploid species are all relatively recently derived from diploid ancestors, the
dataset was re-categorized with species assigned as diploid or polyploid. A Shapiro-Wilk test
was again used to assess normality assumptions. To test for differences between diploids and
8

polyploids, a Wilcoxon test was performed if the data was not found to be normally distributed,
while a Welch two-sample test for unequal variances performed if trait data met normality
assumptions (Table 2). Under these tests, LDMC, leaf circularity, and leaf chlorophyll content
were found to differ significantly between diploids and polyploids. In all three cases, polyploids
were found to have greater values than diploids.
For both leaf functional trait data and leaf hyperspectral reflectance data, principal
components analysis was performed using the prcomp function in base R (R Core Team, 2020),
and visualized using the ggplot2 package (Wickham, 2016) in RStudio Version 3.6.1 (RStudio
Team, 2020). For hyperspectral reflectance, the first two principal components were able to
describe the vast majority of variation in hyperspectral reflectance, with 65.6% of variation
explained by PC1, and a cumulative 87.4% of variation explained by PC1 and PC2 (Figure 3).
Visualization of the first two principal components show substantial overlap among the three
ploidy levels (Figure 4), and some separation among species (Figure 5). For leaf functional traits,
the first two principal components were able to describe nearly half of variation, with 26.2% of
variation explained by PC1 and a cumulative 49.7% of variation explained by PC1 and PC2
(Figure 6). Visualization of trait factor loadings for the first two principal components indicates
that traits related to leaf size (leaf area, leaf fresh mass, leaf dry mass, leaf length, leaf width) are
largely orthogonal to traits related to ecophysiology (LDMC, LMA, leaf chlorophyll content).
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Discussion
This study demonstrates that a common evolutionary force in plants, whole genome
duplication, may influence plant functional traits that are known to influence physiological
functions like light capture and water relations (Reich, 2014). LDMC and chlorophyll content
were both higher in polyploids, while leaf area was greater in diploids. These traits are relevant
to the leaf economics spectrum, and may have consequences for plant productivity and growth.
These differences could result directly as a consequence of changes in genome size (Roddy et al.,
2020), or may result from natural selection acting on redundant genetic material after
duplication. When considering distinct species of Helianthus that vary in ploidy, new plant
species that are formed through polyploidization often undergo habitat or range differentiation
from diploid progenitors – lineages that do not may be outcompeted (Gaynor et al., 2018).
Natural selection may in fact strongly favor this phenotypic differentiation, as neopolyploids are
subject to a severe frequency-dependent reproductive disadvantage (Gaynor et al., 2018). Some
insights into this early process may be gleaned from the multiple cytotypes of H. decapetalus and
H. divaricatus included in this study. In these two species, cytotypes with higher ploidy levels
had larger leaves, contrary to the overall pattern among species. This may reflect either an
immediate effect of cell geometry (Roddy et al., 2020), or the effects of natural selection for
phenotypic differentiation given reproductive incompatibility between cytotypes (Gaynor et al.,
2018). These are not mutually exclusive explanations, and in fact moderate initial differences in
cell geometry may facilitate rapid phenotypic differentiation of neopolyploids.
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Future research will build upon the findings reported here. First, frozen leaf samples will
be analyzed via gas chromatography mass-spectrometry in order to describe leaf secondary
metabolism. This will permit examination of the consequences of whole genome duplication for
both the diversity and abundance of constitutive metabolite production (Gaynor et al., 2020).
Given that there appear to be differences in leaf size and ecophysiology among ploidy levels,
differences in secondary metabolism may indicate either that whole genome duplication shifts
species placement along the fast-slow plant economics spectrum (Reich, 2014), or else that
whole-genome duplication may disrupt the balance between investment in growth versus
chemical defense (Zust and Agrawal, 2017). Second, additional modeling analyses will be used
to examine hyperspectral reflectance data, and whether certain wavelengths are predictive of
ploidy. Here, simple PCA analysis showed strong overlap among ploidy levels, while more
detailed analysis may detect wavelengths predictive of differences in cell geometry or secondary
metabolism predictive that result from polyploidization.
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Ploidy
Diploid

Species

Accession Number

Helianthus agrestis
Helianthus angustifolius
Helianthus annuus
Helianthus argophyllus
Helianthus arzonensis
Helianthus atrorubens
Helianthus carnosus
Helianthus decapetalus
Helianthus divaricatus
Helianthus debilis
Helianthus exilis
Helianthus giganteus
Helianthus glaucophyllus
Helianthus gracilentus
Helianthus grosseserratus
Helianthus heterophyllus
Helianthus laciniatus
Helianthus maximiliani
Helianthus microcephalus
Helianthus mollis
Helianthus neglectus
Helianthus niveus
Helianthus nuttallii
Helianthus occidentalis
Helianthus petiolaris
Helianthus porter
Helianthus praecox
Helianthus radula
Helianthus salicifolius
Helianthus silphioides
Helianthus winteri

PI 673202
PI 673210
PI 673304
PI 673306
PI 653549
PI 649940
PI 673309
PI 649972
PI 664645
PI 673213
PI 649895
PI 664647
PI 664701
PI 649987
PI 613793
PI 673162
PI 653562
PI 613794
PI 673317
PI 673318
PI 673319
PI 650020
PI 531053
PI 673323
PI 673325
PI 673332
PI 435847
PI 673218
PI 664768
PI 664795
PI 673300

Helianthus decapetalus
Helianthus divaricatus
Helianthus smithii

PI 547169
PI 664604
PI 650087

Helianthus californicus
Helianthus decapetalus
Helianthus eggertii
Helianthus resinosus
Helianthus strumosus
Helianthus tuberosus

PI 649947
PI 649971
PI 649983
PI 664695
PI 435888
PI 547243

Tetraploid

Hexaploid
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Table 1: List of all wild Helianthus accessions
included in this experiment. Accession numbers
refer to the U.S. National Plant Germplasm
System, and ploidy levels were sourced from the
literature (Bock et al., 2014; Qui et al., 2019).

Kruskal-Wallis Test
(three ploidy levels)
chi-squared = 0.859
p-value= 0.651

Wilcoxon Test/Welch t-test
(diploids versus polyploids)
p-value = 0.653

chi-squared = 1.316
p-value = 0.518

p-value = 0.261

chi-squared = 23.978
p-value < 0.0001

p-value < 0.0001

Leaf length*

chi-squared = 0.258
p-value = 0.879

t = -0.61607
p-value = 0.541

Leaf perimeter

chi-squared = 0.047
p-value = 0.977

p-value = 0.900

Leaf area

chi-squared = 6.062
p-value = 0.048

p-value = 0.086

Leaf circularity

chi-squared = 8.176
p-value = 0.017

p-value = 0.007

Leaf chlorophyll content

chi-squared = 6.691
p-value = 0.035

p-value = 0.010

LMA*

chi-squared = 1.391
p-value = 0.499

t = -0.91447
p-value = 0.366

Leaf fresh mass
Leaf dry mass
LDMC

Table 2: Summary of statistical tests performed to test for differences in mean leaf functional traits among ploidy
groups. In most cases, nonparametric tests were used, as trait data typically violated normality assumptions.
For traits indicated with an asterisk (*), a Welch two-sample t-test was used in place of a Wilcoxon Test as traits did
not violate normality assumptions but had unequal variances. LDMC refers to leaf dry matter content, LMA refers to
leaf mass per area
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Figure 1: Top left, transplant of seedlings to the UCF transgenic greenhouse. Bottom, established
plants reaching peak growth rate and installation of automated watering system. Top right,
beginning of flowering in several species.

17

Figure 2: Comparing leaf traits among ploidy levels within two species (Helianthus decapetalus and Helianthus
divaricatus) that were variable in ploidy among accessions. Note larger leaf size at higher ploidy levels. Error bars
represent one standard error of the mean of biological replicates.
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Figure 3: Contribution of individual principal components to explaining total variance in leaf hyperspectral
reflectance. The first principal component explains 67.7% of variance, the first two principal components together
explain 87.4% of variance, and the first three principal components explain 93.0% of variance.
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Figure 4: Clustering of accessions by ploidy in the first two principal components of leaf hyperspectral reflectance
variance: Diploids (2), tetraploids (4), hexaploids (6). PC1 and PC2 account for 87.42% of variance. Ellipses
represent 95% confidence interval of the mean.
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Figure 5: Clustering of accessions by ploidy in the first two principal components of leaf hyperspectral reflectance
variation. PC1 and PC2 account for 87.42% of variance. Ellipses represent 95% confidence interval of the mean.
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Figure 6: Contribution of individual principal components to explaining total variance in leaf functional traits. Note
that the first two principal components capture the most variance present in the dataset. The first principal
component explains 26.2% of variance, the first two principal components together explain 49.7% of variance, and
the first three principal components explain 61.0% of variance.
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Figure 7: Principal components analysis of leaf functional traits. Trait loadings suggest that leaf size is largely
orthogonal to ecophysiological traits like water content, leaf mass per area, and chlorophyll content.
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